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We explore whether nonstandard dark sector physics might be required to solve the existing cosmological
tensions. The properties we consider in combination are (a) an interaction between the dark matter and dark
energy components and (b) a dark energy equation of statew different from that of the canonical cosmological
constant w ¼ −1. In principle, these two parameters are independent. In practice, to avoid early-time,
superhorizon instabilities, their allowed parameter spaces are correlated. Moreover, a clear degeneracy exists
between these two parameters in the case of cosmic microwave background (CMB) data. We analyze three
classes of extended interacting dark energy models in light of the 2019 Planck CMB results and Cepheid-
calibrated local distance ladder H0 measurements of Riess et al. (R19), as well as recent baryon acoustic
oscillation (BAO) and type Ia supernovae (SNeIa) distance data. We find that in quintessence coupled dark
energy models, wherew > −1, the evidence for a nonzero coupling between the two dark sectors can surpass
the5σ significance.Moreover, for bothPlanckþ BAOorPlanckþ SNeIa,we find a preference forw > −1 at
about three standard deviations. Quintessence models are, therefore, in excellent agreement with current data
when an interaction is considered.On the other hand, in phantom coupled dark energymodels, there is no such
preference for a nonzero dark sector coupling. All the models we consider significantly raise the value of the
Hubble constant, easing theH0 tension. In the interacting scenario, the disagreement between Planckþ BAO
andR19 is considerably reduced from 4.3σ in the case of theΛ cold darkmatter (ΛCDM)model to about 2.5σ.
The addition of low-redshift BAO and SNeIameasurements leaves, therefore, some residual tensionwith R19
but at a level that could be justified by a statistical fluctuation. Bayesian evidence considerations mildly
disfavor both the coupled quintessence and phantom models, while mildly favoring a coupled vacuum
scenario, even when late-time datasets are considered. We conclude that nonminimal dark energy
cosmologies, such as coupled quintessence, phantom, or vacuum models, are still an interesting route
toward softening existing cosmological tensions, even when low-redshift datasets and Bayesian evidence
considerations are taken into account.
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I. INTRODUCTION
The canonical ΛCDM scenario has proven to provide an
excellent match to observations at high and low redshift;
see, for instance, Refs. [1–10]. Despite its enormous
success, there are some tensions among the values of
cosmological parameters inferred from independent data-
sets [11–13]. The most famous and persisting one is that
related to the value of the Hubble constant H0 as measured
from Planck cosmic microwave background (CMB) data
(h ¼ ð0.6737 0.0054Þ [10]) versus the value extracted
from Cepheid-calibrated local distance ladder
measurements (R19, h ¼ ð0.7403 0.0142Þ [14]), referred
to as the H0 tension, with h ¼ H0=ð100 km s−1Mpc−1Þ.1
This tension now reaches the 4.4σ level.
Two main avenues have been followed to solve the H0
tension. The first one is based on the possibility that Planck
and/or the local distance ladder measurement of H0 suffer





1In Refs. [15,16], the reader can find complete reviews
comparing the CMB and local determinations of H0.
2See, e.g., Refs. [17–21] for studies of possible systematics in
the context of Planck and, e.g., Refs. [22–26] in the context of the
local distance ladder measurement. Local measurements other
than the R19 one exist, but most of them appear to consistently
point toward values of H0 significantly higher than the CMB one
(see, e.g., Refs. [27–41]).
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possibility is that the H0 tension might be the first sign for
physics beyond the concordance ΛCDM model. The most
economical possibilities in this direction involve phantom
dark energy (i.e., a dark energy component with equation of
state w < −1) or some form of dark radiation (so as to raise
Neff beyond its canonical value of 3.046) [42–44]. However,
in recent years, a number of other exotic scenarios attempt-
ing to address theH0 tension have been examined, including
(but not limited to) decaying dark matter (DM), interactions
betweenDMand dark radiation, a small spatial curvature, an
early component of dark energy (DE), and modifications to
gravity (see, e.g., Refs. [45–119] for an incomplete list of
recent papers).3
From the theoretical perspective, interactions between
DM and DE beyond the purely gravitational ones are not
forbiddenbyany fundamental symmetry in nature [136–141]
and could help address the so-called coincidence orwhy now
problem [142–146]; see, e.g., Refs. [147–195] for a recent
comprehensive review on interacting dark sector models,
motivated by the idea of coupled quintessence [196–204].4
These models may also be an interesting key toward solving
some existing cosmological tensions [188,210–224].
We have recently shown that one particular and well-
studied interacting DE model is still a viable solution to the
H0 tension in light of the 2019 Planck CMB and local
measurement ofH0 [225]. However, our study in Ref. [225]
considered a minimal dark energy scenario, in which the
interacting DE component is essentially a cosmological
constant (see Ref. [226] for a recent review on dark energy
models). In this work, we allow for more freedom in the DE
sector, considering a more generic DE component with an
equation of state w not necessarily equal to −1. We study
here in more detail the properties of DE required to solve the
H0 tension, analyzing the suitable values of the coupling (ξ)
and the equation of state (w) for the DE component which
can ameliorate the Hubble tension. While these two param-
eters are, in principle, independent, the potential presence of
early-time superhorizon instabilities results in their viable
parameter spaces being correlated.
The rest of this paper is then organized as follows.
Section II reviews the basic equations governing the
cosmology of extended interacting dark energy models,
briefly discussing their stability and initial conditions.
The methodology and datasets adopted in our numerical
studies are presented in Sec. III, whereas in Sec. IV, we
present our results. We conclude in Sec. V.
II. EXTENDED INTERACTING
DARK ENERGY MODELS
Interacting dark energy models (IDE) are characterized
by a modification to the usual conservation equations of
the DM and DE energy-momentum tensors Tμνc and T
μν
x










where a is the scale factor and the DM-DE interaction rate
is given by Q,
Q ¼ ξHρx; ð3Þ
with ξ being a dimensionless number quantifying the
strength of the DM-DE coupling. From now on, we shall
refer to ξ as the DM-DE coupling. Notice that Q > 0 and
Q < 0 indicate, respectively, energy transfer from DE to
DM and vice versa, or a possible decay of DE into DM and
viceversa, depending on the details of the underlyingmodel.
At the background level, for a pressureless cold DM
component and a DE component with equation of state
(EoS) w, the evolution of the background DM and DE


















where ρ0c and ρ0x are the DM and DE energy densities today,
respectively. At the linear perturbation level, and setting the
DE speed of sound c2s;x ¼ 1, the evolution of the DM and
DE density perturbations (δc, δx) and velocities (θc, θx) are
given by
















_θc ¼ −Hθc; ð7Þ



















ð3ð1þ wÞ þ ξÞ

; ð8Þ
_θx ¼ 2Hθx þ
k2
1þ w δx þ 2H
ξ
1þ w θx − ξH
θc
1þ w ; ð9Þ
3Other scenarios worth mentioning include the possibility that
properly accounting for cosmic variance (due to the fact that a
limited sample of the Hubble flow is observed) enlarges the
uncertainty of the locally determined H0 to the point that the
tension is alleviated [120–124], or that local measurements might
be biased by the presence of a local void [125–129] (see,
however, e.g., Refs. [130,131] for criticisms on both these
possibilities). From the theoretical side, models of running
vacuum, motivated by quantum field theory corrections in curved
spacetime, are instead among the most theoretically well-moti-
vated solutions to the H0 tension (see, e.g., Refs. [132–135]).4See also Refs. [205–209] for examples of models of unified
interacting DM-DE.
DI VALENTINO, MELCHIORRI, MENA, and VAGNOZZI PHYS. REV. D 101, 063502 (2020)
063502-2
where h is the usual synchronous gauge metric perturba-
tion. In addition, vT is the center-of-mass velocity for the







where the index i runs over the various species (whose
energy densities and pressures are ρi and Pi) and qi is the





The initial conditions for the DE perturbations δx and θx
also need to be modified to [227]
δinx ðηÞ ¼
1þ wþ ξ=3











2wþ 3wξþ 14 − 12w2 − 7ξ δ
in
γ ðηÞ; ð13Þ
where η ¼ kτ.
Finally, besides affecting the evolution of the back-
ground and the perturbation evolution, as well as requiring
suitable initial conditions, the presence of a DM-DE
coupling may affect the stability of the interacting system.
Apart from the gravitational instabilities present when
w ¼ −1 [151,228], there may also be early-time instabil-
ities [151,152,157,227–229], and avoiding them leads to
imposing stability conditions on w and ξ. Therefore, within
the model in question, even though in principle the two
parameters ξ and w describing the dark energy physics
sector are independent, it turns out that only two distinct
classes of models remain possible; essentially, the signs of ξ
and 1þ w have to be opposite. In one class of models,
ξ > 0 and w < −1 (and thus energy flows from DE to DM),
and in the second one, ξ < 0 and w > −1 (thus, energy
transfer occurs from DM to DE).5 Also, as it is clear from
Eq. (4), even when the aforementioned instability-free
prescriptions are considered, one needs to ensure that
the DM energy density remains positive by requiring
ξ < −3w. This is not a problem when ξ < 0 and
w > −1, since accelerated expansion requires w < −1=3,
and therefore w cannot take positive values, meaning that
ξ < 0 automatically implies ξ < −3w. For the ξ > 0 and
w < −1 case, the condition ξ < −3w is not automatically
satisfied, and it needs to be imposed as an extra constraint
on the allowed parameter spaces.
III. MODELS AND DATASETS
The parameter space of the IDE model we consider is
described by the usual six cosmological parameters of
ΛCDM, complemented by one or two additional param-
eters depending on whether we allow the dark energy
equation of state w to vary freely. We recall that the six
parameters of the ΛCDM model are the baryon and cold
DM physical density parameters Ωbh2 and Ωch2, the
angular size of the sound horizon at decoupling θs (given
by the ratio between the sound horizon to the angular
diameter distance at decoupling), the optical depth to
reionization τ, and the amplitude and tilt of the primordial
power spectrum of scalar fluctuations As and ns. To these
six cosmological parameters, we add the DM-DE coupling
ξ and the DE EoS w.
The stability issue discussed in Sec. II will influence the
choice of priors on the cosmological parameters. Ideally,
we would want to consider two types of cosmological
models: ΛCDMþ ξ (seven parameters) and ΛCDMþξþw
(eight parameters). Technically speaking, within the base-
line ΛCDM model, the DE EoS would be fixed to w ¼ −1.
However, as we discussed in Sec. II, in the case of IDE
models, this leads to gravitational instabilities, which
undermine the viability of the model. Therefore, naively
considering a baseline ΛCDMþ ξ model would not work,
and we fix the DE EoS to w ¼ −0.999 instead, an approach
already adopted in Refs. [159,225]. Indeed, for Δw≡1þw
sufficiently small, Eqs. (8) and (9) are essentially only
capturing the effect of the DM-DE coupling ξ, while at the
same time, the absence of gravitational instabilities is
guaranteed. To avoid early-time instabilities, we also
require ξ < 0. We refer to this model as ξΛCDM or the
coupled vacuum scenario.
We then extend the baseline coupled vacuum ξΛCDM
model by allowing the DE EoS w to vary. To satisfy the
stability conditions, see Sec. II, we consider two different
cases: one in which ξ > 0 andw < −1 (which we refer to as
ξpCDM model, where the “p” reflects the fact that the DE
EoS lies in the phantom regime), and one in which ξ < 0
and w > −1 (which we refer to as ξqCDM model, where
the “q” reflects the fact that the DE EoS lies in the
quintessence regime).6 The three interacting dark energy
models we consider in this work, and in particular the
values of w and ξ allowed by stability conditions therein,
are summarized in Table I.
Having described the three models we consider in this
work, we now proceed to describe the datasets we adopt.5Other possibilities considered in the literature to address these
two types of instabilities include an extension of the parametrized
post-Friedmann approach to the IDE case [230–235], as well as
considering phenomenological coupling functions Q depending
on the DE EoS w [214,217,236,237].
6See, e.g., Refs. [238,239] for concrete examples of con-
struction and dynamical system analyses of coupled quintessence
and coupled phantom models.
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We first consider measurements of CMB temperature and
polarization anisotropies, as well as their cross-correlations.
This dataset is called Planck TT;TE;EEþ lowE in
Ref. [10], whereas we refer to it as “Planck.” We then
include the lensing reconstruction power spectrum obtained
from the CMB trispectrum analysis [240], which we refer
to as “lensing.”
In addition to CMB data, we also consider baryon
acoustic oscillation (BAO) measurements from the six-
degree field galaxy survey (6dFGS) [241,242], sloan digital
sky surveymain galaxy sample (SDSS-MGS) [243,244], and
baryon oscillation spectroscopic survey data release 12
(BOSS DR12) [8] surveys, and we shall refer to the
combination of these BAO measurements as “BAO.”
Supernovae type Ia (SNeIa) distance moduli data from the
Pantheon sample [24], the largest spectroscopically con-
firmed SNeIa sample consistent of distance moduli for 1048
SNeIa, are also included in our numerical analyses, and we
refer to this dataset as “Pantheon.” We also consider a
Gaussian prior on the Hubble constant H0¼74.03
1.42km=s=Mpc, as measured by the SH0ES Collabora-
tion in Ref. [14], and we refer to it as “R19.”
Finally, we consider a case in which we combine all the
aforementioned datasets (Planck, lensing, BAO, Pantheon,
and R19). We refer to this dataset combination as “All19.”
We modify the Boltzmann solver CAMB [245] to
incorporate the effect of the DM-DE coupling as in
Eqs. (6)–(9). We sample the posterior distribution of the
cosmological parameters by making use of Markov chain
Monte Carlo (MCMC) methods, through a suitably modi-
fied version of the publicly available MCMC sampler
COSMOMC [246,247]. We monitor the convergence of the
generated MCMC chains through the Gelman-Rubin
parameter R − 1 [248], requiring R − 1 < 0.01 for our
MCMC chains to be considered converged.
In addition to performing parameter estimation, we also
perform a model comparison analysis. In particular, we use
ourMCMCchains to compute the Bayesian evidence for the
three interacting dark energy models (ξΛCDM, ξqCDM,
and ξpCDM), given various dataset combinations, using the
MCEVIDENCE code [249]. We then compute the natural
logarithm of the Bayes factor with respect toΛCDM, which
we refer to as lnB. With this definition, a value lnB > 0
(respectively, lnB < 0) indicates that the interacting model
is preferred (respectively, disfavored) over ΛCDM. We
qualify the strength of the obtained values of lnB using
the modified version of the Jeffreys scale provided in
Ref. [250]. In particular, the preference for the model with
higher lnB is weak for 0 ≤ j lnBj < 1, positive for
1 ≤ j lnBj < 3, strong for 3 ≤ j lnBj < 5, and very strong
for j lnBj ≥ 5.
IV. RESULTS
We now discuss the results obtained using the methods
and datasets described in Sec. III. We begin by considering
the baseline coupled vacuum ξΛCDM model, wherein the
DE EoS is fixed to w ¼ −0.999 (as a surrogate for the
cosmological constant Λ for which one has w ¼ −1)
and ξ < 0. Then, we will describe the ξqCDM model, in
which ξ < 0 andw > −1, and finally the ξpCDMmodel, in
which ξ > 0 and w < −1.
A. Coupled vacuum: ξΛCDM model
In this section, we explore the same model as in
Ref. [225] but in light of different datasets, notably
including also the BAO and Pantheon measurements of
the late-time expansion history. These results are summa-
rized in Table II.
Notice that with Planck CMB data alone the value
of the Hubble constant is much larger than that obtained
in the absence of a DM-DE coupling (H0 ¼ 67.27
0.60Þ km=s=Mpc), and therefore the H0 tension is strongly
alleviated.When combining PlanckwithR19measurements,
the statistical preference for a nonzero coupling ξ is more
significant than5σ. These results agreewith the ones obtained
in Ref. [225]. The reason for this preference is given by the
fact that in the coupled vacuum ξΛCDM model the energy
flows from DM to DE, and then the amount of DM today is
smaller. To match the position of the acoustic peaks in the
CMB, the quantity Ωch2 should not decrease dramatically,
which automatically implies a larger value of h, i.e., H0.
An important thing to point out is thatΩch2 is the physical
density of cold DM today. In the interacting models
considered in this work, deviations from ΛCDM are almost
exclusively occurring at late times, which is why the addition
of late-time datasets such as BAO or Pantheon is important.
As one can see from Eqs. (4) and (5), for the region of
parameter space considered, the cold DM energy density at
the time of last scattering in the interacting models is
essentially the same as that inΛCDM, explaining why these
models are still able to fit the Planck dataset well, as they
leave the relative height of the acoustic peaks unchanged.
The addition of low-redshift measurements, as BAO or
Supernovae Ia Pantheon data, still hints at the presence of a
coupling, albeit at a lower statistical significance. Also, for
these two datasets the Hubble constant values are larger
TABLE I. Summary of the three interacting dark energy models
considered in this work. For all three cases, we report the values
allowed for the DE EoS w and the DM-DE coupling ξ ensuring
that gravitational instabilities, early-time instabilities, and un-
physical values for the DM energy density are avoided, as well as
the direction of energy flow (DE → DM or DM → DE). For all
models, we vary the six usual parameters of the ΛCDM model.
Model DE EoS DM-DE coupling Energy flow
ξΛCDM w ¼ −0.999 ξ < 0 DM → DE
ξpCDM w < −1 ξ > 0, ξ < −3w DE → DM
ξqCDM w > −1 ξ < 0 DM → DE
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than those obtained in the case of a pure ΛCDM scenario
[H0¼67.660.42km=s=Mpc (67.48 0.50 km=s=Mpc)
for Planckþ BAO (+Pantheon)]. While in this case
the central values of the inferred Hubble parameter
are not as high as for the previously discussed case
considering CMB data alone (for PlanckþBAO, we find
69.4þ0.9−1.5 km=s=Mpc), this value is large enough to bring the
H0 tension well below the 3σ level. In other words, the
tension between Planckþ BAO and R19 could be due to a
statistical fluctuation in the case of an interacting scenario.
Finally, when combining all datasets together (the All19
combination), we find H0 ¼ 69.9 0.8 km=s=Mpc, so
that the tension with R19 is reduced to slightly more
than 2.5σ.
With regards to the BAO dataset, it is important to
remind the reader that BAO data are extracted under the
assumption of ΛCDM, and the modified scenario of
interacting dark energy could affect the result. However,
the residual tension also clearly confirms earlier findings
based on the inverse distance ladder approach (e.g.,
Refs. [43,251–253]) that finding late-time solutions to
the H0 tension which satisfactorily fit BAO and SNe data
is challenging (albeit not impossible).
Finally, we compute lnB for all the six dataset combi-
nations reported in Table II. We confirm the findings of
Ref. [225] that the preference for the coupled vacuum
ξΛCDM model is positive when considering the Planck
dataset alone (lnB ¼ 1.3) and very strong when consider-
ing the Planckþ R19 dataset combination (lnB ¼ 10.0).
The preference decreases to weak when considering the
Planckþ lensing dataset combination (lnB ¼ 0.9). On
the other hand, including late-time datasets through the
Planckþ BAO and Planckþ Pantheon dataset combina-
tions leads to the baseline ΛCDMmodel being preferred by
Bayesian evidence considerations, with lnB ¼ −0.6 (weak
preference) and lnB ¼ −1.5 (positive preference), respec-
tively. Finally, considering the joint All19 dataset combi-
nation, we find lnB ¼ 1.4, and hence an overall positive
preference for the ξΛCDM model. Although such a
positive preference is mostly driven by the R19 dataset,
we still find it intriguing, given that the late-time BAO and
Pantheon datasets (which strongly constrain late-time
deviations from ΛCDM) were also included, and the
resulting value of H0 is such that the H0 tension could
be due to a statistical fluctuation in the case of the
ξΛCDM model.
B. Coupled quintessence: ξqCDM model
The constraints on the quintessence coupled model
(ξqCDM) are summarized in Table III.
In these models, the energy flows from the DM to the DE
sector, and the amount of the DM mass-energy density
today is considerably reduced as the values of the coupling
ξ are increased; see Eq. (4) and the left panel of Fig. 1. This
explains why the Planck, Planckþ R19, and Planckþ
lensing dataset combinations prefer a nonzero value of the
coupling at a rather high significance level (greater than
3σ), as a value ξ < 0 can accommodate the smaller amount
of DM required when w > −1. Also, in this case, as for the
ξΛCDM model, the cold DM energy density as last
scattering is essentially unchanged with respect to
ΛCDM, which is why the model can fit Planck data well.
Concerning the H0 tension, even if the value of the
Hubble constant 69.8þ4.0−2.5 km=s=Mpc obtained for Planck
data only is larger than in the baseline ΛCDM model, it is
still not as large as in the case of the ξΛCDM model
discussed above. This is due to the strong anticorrelation
TABLE II. Constraints on selected cosmological parameters of the ξΛCDM model. Constraints are reported as 68% C.L. intervals,
unless they are quoted as upper/lower limits, in which case they represent 95% C.L. upper/lower limits. The horizontal lines separating
the final three parameters (H0, σ8, and S8) from the above ones highlight the fact that these three parameters are derived. The second-to-
last row, separated from the above ones by a thicker line, reports lnB, the natural logarithm of the Bayes factor computed with respect to
ΛCDM for each of the datasets in question. A positive (respectively, negative) value of lnB indicates that the ξΛCDM (respectively,
ΛCDM) model is preferred. The final row quantifies the strength of the preference for either the ξΛCDMmodel or the ΛCDMmodel (as
appropriate given the sign of lnB, and indicated in brackets) using the modified Jeffreys scale discussed in the text.
Parameters Planck Planckþ R19 Planckþ lensing Planckþ BAO Planckþ Pantheon All19
Ωbh2 0.02240.0002 0.02240.0002 0.02240.0002 0.02240.0001 0.02240.0002 0.02240.0001
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between w and H0; see the left panel of Fig. 2. This well-
known anticorrelation reflects the competing effects of H0
and w on the comoving distance to last scattering and is
dominating the impact of ξ, which would instead push H0
to even larger values as we saw earlier.
When combining CMB with the low-redshift BAO and
Pantheon datasets, intriguingly, a significant preference for
a large negative value of ξ persists, contrarily to the
ξΛCDM scenario. Such a preference is driven by the fact
that a nonzero coupling ξ will reduce the large value of Ωm
TABLE III. As in Table II, for the ξqCDM model.
Parameters Planck Planckþ R19 Planckþ lensing Planckþ BAO Planckþ Pantheon All19
Ωbh2 0.0224 0.0002 0.0224 0.0002 0.0224 0.0001 0.0224 0.0001 0.0224 0.0002 0.0224 0.0001










































ln B −0.8 7.4 −1.3 −1.8 −2.6 −0.3
Strength Weak (ΛCDM) Very strong (ξqCDM) Positive (ΛCDM) Positive (ΛCDM) Positive (ΛCDM) Weak (ΛCDM)
FIG. 1. Left (right) panel: samples from Planck chains in the (H0, Ωmh2) plane for the ξqCDM (ξpCDM) model, color-coded by ξ.
FIG. 2. Left (right) panel: 68% and 95% C.L. allowed regions in the (w;H0) plane for the ξqCDM (ξpCDM) model for Planck alone,
Planckþ BAO, and Planckþ R19. Note the marginal overlap between the Planckþ BAO and Planckþ R19 confidence regions
indicating an easing of the Hubble tension.
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required if the DE EoS is allowed to vary in the w > −1
region. As we saw earlier for the ξΛCDM model, adding
low-redshift data decreases the central value of H0, but it
also reduces the significance of the Hubble tension between
Planckþ BAO and R19. Interestingly, we see that in the
cases of Planckþ BAO and Planckþ Pantheon there is
also a preference for w > −1 at about three standard
deviations. This preference is also suggested by the
Planckþ R19 dataset. As a matter of fact, in the case of
interacting dark energy, quintessence models agree with
observations and also reduce the significance of the Hubble
tension. When considering the All19 dataset combination,
we find H0 ¼ 69.8 0.8 km=s=Mpc, and again as in the
case of the ξΛCDM model, the H0 tension is reduced to
slightly more than 2.5σ.
Bayesian evidence considerations, however, overall
disfavor the ξqCDM model compared to ΛCDM. The
extra parameter, w, is what is penalizing the ξqCDM
model. While the improvement in fit within the ξΛCDM
model was sufficient to justify the extra parameter ξ,
this is no longer the case in this model when taking
into account the two extra parameters ξ and w. In fact,
except for the Planckþ R19 dataset combination, all other
dataset combinations (including Planck alone) favor
ΛCDM, with strength ranging from weak (Planck and
All19) to positive (Planckþ lensing, Planckþ BAO, and
Planckþ Pantheon), with the largest negative value of lnB
being lnB ¼ −2.6 for the Planckþ Pantheon dataset
combination.
C. Coupled phantom: ξpCDM model
The last model explored here is the one in which the DE
EoS varies within the phantom region, w < −1. Therefore,
to avoid instabilities, the coupling ξ must be positive. The
constraints on this model are shown in Table IV.
Notice from the right panels of Figs. 1 and 2 that (i) the
current amount of Ωmh2 is slightly larger than within
the ΛCDM case [see also Eq. (4)] and (ii) the value of the
Hubble constant is also always much larger than in the
canonical ΛCDM. This is due to the well-known fact that
when w is allowed to vary in the phantom region the
parameterH0 must be increased to not to affect the location
of the CMB acoustic peaks. Consequently, we always
obtain an upper bound on ξ rather than a preferred region,
as the presence of a nonzero coupling ξ drives the value of
Ωmh2 to values even larger than those obtained when w is
not constant and is allowed to vary within the w < −1
region freely. Also, in this case, as for the ξΛCDM and
ξqCDM models, the cold DM energy density as last
scattering is essentially unchanged with respect to
ΛCDM, which is why the model can fit Planck data well.
However, the H0 tension is still also strongly alleviated
in this case, as there is an extreme degeneracy between w
and H0 (see the right panel of Fig. 2), with H0 ¼
81.3 km=s=Mpc from Planck-only data. Therefore, as
we saw earlier for the ξqCDM model, the H0 − w degen-
eracy is strongly dominating over the H0 − ξ one.
Therefore, within the ξpCDM model, the resolution of
theH0 tension is coming from the phantom character of the
DE component, rather than from the dark sector interaction
itself.
When including low-redshift BAO and Pantheon
measurements, the net effect is to bring the mean value
of the DE EoS w very close to −1. Consequently, the value
of H0 also gets closer to its standard mean value within
the ΛCDM case, albeit remaining larger than the latter.
In any case, we confirm that the H0 tension is reduced
with nonminimal dark energy physics also when low-
redshift data are included. When considering the All19
dataset combination, we find H0¼69.80.7km=s=Mpc,
and again as in the case of the ξΛCDM and ξqCDM
models, the H0 tension is reduced to slightly more
than 2.5σ.
As we saw previously with the ξqCDM model,
Bayesian evidence considerations overall disfavor the
ξpCDM model compared to ΛCDM, even more so than
they did for the ξqCDM model. With the exception of the
TABLE IV. As in Table II, for the ξpCDM model.
Parameters Planck Planckþ R19 Planckþ lensing Planckþ BAO Planckþ Pantheon All19












ξ <0.248 <0.277 <0.258 <0.295 <0.295 <0.288
w −1.59þ0.18−0.33 −1.26 0.06 −1.57þ0.19−0.32 −1.10þ0.07−0.04 −1.08þ0.05−0.04 −1.12þ0.05−0.04
H0 (km/s/Mpc) >70.4 74.1 1.4 85.0þ10.0−5.0 68.8þ1.1−1.5 68.3 1.0 69.8 0.7
σ8 0.88 0.08 0.80þ0.06−0.04 0.87 0.08 0.75 0.05 0.76þ0.05−0.04 0.76þ0.06−0.04
S8 0.74 0.04 0.78 0.03 0.74 0.04 0.79 0.03 0.80 0.03 0.79þ0.03−0.02
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Planckþ R19 dataset combination, all other dataset
combinations favor ΛCDM, with strength ranging from
positive (Planck, Planckþ lensing, All19), to strong
(Planckþ BAO), to very strong (Planckþ Pantheon), with
the largest negative value of lnB being lnB ¼ −5.2 for the
Planckþ Pantheon dataset combination.
For the sake of comparison, in Table V, we report
constraints on selected parameters of the three interacting
dark energy models we have considered and compare them
to the constraints instead obtained assumingΛCDM.We do
this only for the Planck dataset.
Finally, using the full non-Gaussian posterior on H0, we
compute the tension with the local measurement of R19,
quoted in terms of number of σs, for all possible combi-
nations of the three interacting dark energy models and six
dataset combinations studied in the paper. These numbers
are reported in Table VI. As we see, the tension is at a level
larger than 3σ only for the Planckþ Pantheon dataset
combination for all three models (even for the Planckþ
BAO dataset combination, the tension always remains
below the 2.9σ level). On the other hand, when considering
the All19 dataset combination, the tension reaches at most
the 2.7σ level, confirming our earlier claim that the residual
tension in most cases could almost be justified by a
statistical fluctuation.
V. CONCLUSIONS
In this work, we have reexamined the hotly debated H0
tension in light of the state-of-the-art high- and low-redshift
cosmological datasets, within the context of extended dark
energy models. In particular, we have considered interact-
ing dark energy scenarios, featuring interactions between
dark matter and dark energy, allowing for more freedom in
the dark energy sector compared to our earlier work [225],
by not restricting the dark energy equation of state to being
that of a cosmological constant. Early-time superhorizon
instability considerations impose stability conditions on the
DM-DE coupling ξ and the DE EoS w, which we have
carefully taken into account.
The most important outcome of our studies is the fact
that within these nonminimal DE cosmologies the long-
standing H0 tension is alleviated to some extent. For most
of the models and dataset combinations considered, we find
indications for a nonzero DM-DE coupling, with a sig-
nificance that varies depending on whether or not we
include low-redshift BAO and SNeIa data. When we allow
the DE EoS w to change, we find that the H0 − w
degeneracy strongly dominates over the H0 − ξ one.
This implies that the H0 tension is more efficiently solved
in the coupled phantom ξpCDM model with ξ > 0 and
w < −1 rather than in the coupled quintessence ξqCDM
model with ξ < 0 and w > −1, due to the phantom
character of the DE rather than due to the presence of
the DM-DE interaction.
The inclusion of low-redshift BAO and SNe data (whose
results the reader can find in the two rightmost columns of
Tables II, III, and IV) somewhat makes all the previous
findings milder, although it is worth remarking that the H0
tension is still alleviated even in these cases. It is also
intriguing to see that within the coupled quintessence
ξqCDM model with ξ < 0 and w > −1 the indication
for a nonzero DM-DE coupling persists even when low-
redshift data are included. Interestingly, evidence for
w > −1 at three standard deviations is present when
BAO or SNeIa data are included.
TABLE V. Constraints on selected parameters of the ΛCDM, ξΛCDM, ξqCDM, and ξpCDM models, using the
Planck dataset alone. Constraints are reported as 68% C.L. intervals, unless they are quoted as upper/lower limits, in
which case they represent 95% C.L. upper/lower limits.
Parameters ΛCDM ξΛCDM ξqCDM ξpCDM
Ωbh2 0.0224 0.0002 0.0224 0.0002 0.0224 0.0002 0.0224 0.0002
Ωch2 0.120 0.001 <0.105 <0.099 0.132þ0.005−0.012
ξ 0 −0.54þ0.12−0.28 −0.63
þ0.06
−0.22 <0.248
w −1 −0.999 < − 0.69 −1.59þ0.18−0.33
H0 (km/s/Mpc) 67.3 0.6 72.8þ3.0−1.5 69.8þ4.0−2.5 >70.4
σ8 0.81 0.01 2.27þ0.40−1.40 2.61þ0.69−1.70 0.88 0.08
S8 0.83 0.02 1.30þ0.17−0.44 1.43þ0.29−0.46 0.74 0.04
TABLE VI. Level of tension between the inferred value of H0
and the R19 local measurements, quoted in terms of number of
σ s, for all possible combinations of the three interacting dark
energy models and six dataset combinations studied in the paper.
Dataset ξΛCDM ξqCDM ξpCDM
Planck 0.4σ 1.0σ 0.5σ
Planckþ R19 <0.1σ 0.4σ <0.1σ
Planckþ lensing 0.4σ 1.0σ 2.1σ
Planckþ BAO 2.7σ 2.7σ 2.9σ
Planckþ Pantheon 3.3σ 3.3σ 3.3σ
All19 2.5σ 2.7σ 2.7σ
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Bayesian evidence considerations overall appear to
disfavor the interacting models considered, although these
conclusions depend very much on which of the three
models and six dataset combinations one considers. For
instance, the ξΛCDMmodel with seven parameters appears
to fare rather well when compared toΛCDM, being favored
against ΛCDM for all dataset combinations except
Planckþ BAO and Planckþ Pantheon. In particular, when
combining all datasets together (the All19 combination),
we find an overall positive preference for the ξΛCDM
model overΛCDM. The situation is much less favorable for
the coupled quintessence and coupled phantom models
with eight parameters, which are always disfavored (even
rather strongly) against ΛCDM (the only exception being
when considering the Planckþ R19 dataset combination).
Overall, we conclude that the ξΛCDM model can still be
considered an interesting solution to the H0 tension even
when low-redshift datasets and Bayesian evidence consid-
erations are taken into account. This is the main result of
our paper.
As a word of caution, the full procedure which leads to
the BAO constraints carried out by the different collabo-
rations might be not necessarily valid in extended DE
models such as the ones explored here. For instance, the
BOSS Collaboration, in Ref. [254], advises caution when
using their BAO measurements (both the pre- and post-
reconstruction measurements) in more exotic dark energy
cosmologies (see also Refs. [255,256] for related work
exploring similar biases). Hence, BAO constraints them-
selves might need to be revised in a nontrivial manner when
applied to constrain extended dark energy cosmologies. We
plan to explore these and related issues in future work.
Overall, our results suggest that nonminimal modifica-
tions to the dark energy sector, such as those considered in
our work, are still an intriguing route toward addressing the
H0 tension. As it is likely that such tension will persist in
the near future, we believe that further investigations along
this line are worthwhile and warranted.
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IN THE THREE INTERACTING
DARK ENERGY MODELS
Because there are strong correlations between certain
parameters in all three interacting dark energy models
studied, triangular plots showing the joint posteriors
between these parameters might be more informative than
the tables we presented. The most correlated parameters are
Ωch2, ξ, and w (where applicable), as well as the derived
parameters H0 and Ωm. In Figs. 3, 4, and 5, we show
triangular plots of the joint posteriors of these parameters
within the three models studied, which clearly highlight the
strong correlations at play.
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FIG. 3. Triangular plot showing the two-dimensional joint and one-dimensional marginalized posteriors of Ωch2, ξ, H0, and Ωm,
obtained assuming the coupled vacuum ξΛCDMmodel, for the Planck (gray contours), Planckþ BAO (red contours), and Planck+R19
(blue contours) dataset combinations. The plot clearly highlights the strong correlations between these parameters.
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FIG. 4. Triangular plot showing the two-dimensional joint and one-dimensional marginalized posteriors of Ωch2, ξ, w H0, and Ωm,
obtained assuming the coupled quintessence ξqCDM model, for the Planck (gray contours), Planckþ BAO (red contours), and
Planckþ R19 (blue contours) dataset combinations. The plot clearly highlights the strong correlations between these parameters.
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FIG. 5. Triangular plot showing the two-dimensional joint and one-dimensional marginalized posteriors of Ωch2, ξ, w, H0, and Ωm,
obtained assuming the coupled phantom ξpCDM model, for the Planck (gray contours), Planckþ BAO (red contours), and Planckþ
R19 (blue contours) dataset combinations. The plot clearly highlights the strong correlations between these parameters.
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